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Abstract
Magnesium alloy contains many superior mechanical properties including low density, high
specific strength, good die casting performance and better shock resistance. It is extensively
applied in the electronic, automobile, military and aviation industries. As a new material
manufacturing technology, twin-roll casting not only produces the strip directly, but also
improves magnesium alloy properties. Some important process parameters in twin-roll
casting are difficult to be obtained in the experiment can be acquired using the numerical
simulation.
In this study, the two finite element models are established, which classify as submerged
and non-submerged ones according to the nozzle types. Inverse method was used to
determine the boundary conditions between the roll and molten pool. The influences of key
process parameters including the rolling speed, pouring temperature, submerged nozzle
depth and nozzle spray angle are discussed and compared for different cases. The coupling
of temperature-flow-thermal stress fields has been carried out in this study. Increasingly
casting speed and pouring temperature, the higher strip outlet temperature and uniform
temperature distribution can be observed in non-submerged models. Submerged nozzle
depth change has a significantly influence on the outlet temperature destitution than the
varied nozzle spray angles in submerged models. Furthermore, the raised temperature at
outlet decreases the thermal stress of strip. It can avoid thermal cracks generated on the
surface to improve the casting strip quality of magnesium alloy. The suitable key process
parameters are obtained from the simulation data analysis.
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Chapter 1
Introduction
1.1 Background of this study
Magnesium is the lightest structural metal. It owns many superior mechanical properties
including low density, high specific strength, excellent die casting performance, and high
shock resistance [1]. Commercial alloys based on magnesium have extensive applications
in the electronics, automobile, military and aviation industries. Moreover, magnesium alloy
production has increased year by year following market demand. However, the application
of magnesium is confined to a great extent by existing moulding technology. Semi-solid
metal moulding technology obtains the most attention currently as it can produce a high
quality non-dendritic microstructure. Twin-roll casting, one of the semi-solid metal
moulding technologies, has been applied to steel and aluminium strip production since
1990s.
Twin-roll casting directly produces strip by pouring molten metal into a pair of rotating
rolls and rolling the metal while it is solidifying. The process of roll casting can accomplish
physical transformation such as pouring, solidifying, rolling, running out and cooling in a
very short time. Therefore, the occurrence of complex physical phenomena is inconvenient
for direct study. Some important process parameters in twin-roll casting that are difficult to
obtain by experimentation can be acquired using numerical simulation. Study of the
influence of process parameters changes is useful to optimise conditions of intrusion melt
pool and to obtain good quality strip.

1.2 Rationale
As a modern short flowsheet manufacturing technology, twin-roll provides significant
energy saving and can improve the production process. The process that can yield
16

intermediate and final products is based on fluid metal as a raw material and twin rolls as a
crystallizer. The twin rolls rotate at the same velocity and in opposite directions, and then
liquid metal flows from the casting tundish through nozzle inflows into a molten bath
which is built with twin-rolls and side dam at each end. Solidification occurs during the
liquid metal flow from the entrance to the export section because most of the heat energy
transfers to the water-cooled twin rolls. Meanwhile, the plastic deformation occurs during
solidification as the twin rolls. Therefore, the rolls in the process are not only doing rolling
work, but also act as a crystalliser.
Compared with traditional pressure processing, in twin-roll casting the reheat and cooling
processes are omitted and the liquid metal solidifies while pressure processing and plastic
deformation. A refined grain structure is formed in twin roll casting because the thin metal
strip formed by direct pouring is rapidly solidified in the process of cooling.

1.3 Aims
The aims of the thesis are to set up a suitable Finite Element (FE) model of twin-roll
casting, and to examine the influence of variations to the different key process parameters.
Based on the results, the optimum conditions in the pouring basin are obtained.

1.4 Objectives
The objectives of the thesis are:
•

To conduct a literature review on twin-roll casting and related loading
responses.

•

To develop a finite element model of twin-roll casting.

•

To set up a simulation program with the ANSYS software package.

•

To obtain results by varying the key process parameters including casting speed,
pouring temperature, submerged nozzle depth, and nozzle spray angle.

•

To obtain the thermal flow and thermal stress’ results from simulations.

•

To optimise the key process parameters for conditions in the pouring basin.

•

To compare the simulated results with measured values.
17

•

To provide recommendations for application of the results in an industrial
environment and for further research on the novel technology.

1.5 Methodology
Finite element modelling of twin-roll casting is carried out in this thesis. Moreover,
simulated results from different cases are compared with each other and with experimental
results.

1.6 Outline of the thesis
The first chapter includes the proposed scope and justification of the thesis. Twin-roll
casting is applied in the steel and aluminium alloy strip industries and increasingly used in
magnesium alloy strip experiments, and is being applied to production. Hence the present
analysis of the process will be helpful in improving the quality of magnesium strip. Chapter
two contains an outline of existing knowledge and research of roll casting and twin-roll
casting in general. Moreover, a review of the basic key process of twin-roll casting and a
review of finite element modelling is also added. Chapter three provides a brief outline of
the methodology followed in this study, and expresses the Finite Element (FE) model in
detail and includes the boundary conditions that were used in the simulations. Chapter four
presents the results obtained in the simulation and a detailed discussion of these results.
Chapter five provides the conclusions based on the simulation results and recommends
future directions in twin-roll Mg casting research.
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Chapter 2
Literature Review

2.1 Introduction of twin-roll casting
As one of the family of continuous casting technologies, twin-roll casting (TRC) is adopted
for steel and aluminium production [2]. Due to its advantage of energy saving, continuous
strip casting has become increasingly important during the last forty years. Since the
continuous casting process converts molten metal directly into an endless coiled strip
suitable for cold rolling, or wire-bar for wire-drawing, several down working streams are
eliminated in strip production compared to conventional technologies of casting and rolling
process.

Figure 2.1 Illustration of twin-roll casting [4]
As a modern near-net shape sheet manufacturing technology, the twin-roll casting is with
significant energy, and can improve the production process. The process that can yield
intermediate and final products is based on fluent metal as a raw material and opposite
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twin-roll as a crystalliser (Fig. 2.1). The process or twin-roll casting including pouring,
solidifying, rolling and cooling can be accomplished in a very short time.
The twin-roll casting was originally conceived by Henry Bessemer in 1956 (Fig. 2.2). In
1988, BHP (Broken Hill Proprietary) of Australia and IHI (Ishikawajima-Harima Heavy
Industries, Japan) began a collaborative development project to commercialise the twin-roll
casting of steel. The pilot plant successfully produced a series of 1300mm wide, lowcarbon strip in1992 [4].

Figure 2.2 Henry Bessemer's original drawing of twin-roll casting [2].
Twin-roll casting, which improves energy efficiency, not only reduces costs, but also
improves the product quality [3]. Although the concept is relatively simple, its application
at a commercially viable production level has proven to be difficult. Several technical
advancements have been occurred in recent years, which have allowed twin-roll casting
have a broad prospect at the commercial level. Advancements include [4]:
•

High speed computing and process control

•

Advanced ceramics and other materials (including copper alloy)

•

Sensing technology

•

Mathematical modelling of physical phenomena
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In spite of these advantages, the twin-roll casting process has many problems, such as the
break-out, pool-surface waves, ripple marks and turbulence of molten metal. Therefore, the
selection of the appropriate processing conditions, key parameters of the process,
application of the phenomena of fluid flow and hear transfer in the twin-roll casting process
are very important.

2.2 Twin-roll casting process
Twin-roll casting process is a rapid solidification process combined with hot rolling. The
model of the twin-roll casting flow chart, CASTRIP (continuous casting strip technology),
is shown in Fig. 2.3. In the process, the tundish feeds a transition piece, which is situated
just above the delivery nozzle, and the molten metal is solidified starting at the point of first
metal-roll connection and ending at the kissing point (the end point of solidification). This
near-net-shape process can produce thin strip in one step. More details of the molten pool
are shown in Fig. 2.4. Upon exit from the casting roll, the solidified strip is directed to a
pinch roll then through a hot rolling stand. In the transition, the atmosphere is controlled to
limit oxidation of the strip and the formation of scale.

Figure 2.3 The CASTRIP plant flow chart [4].
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Figure 2.4 A schematic diagram of molten pool aspects [5].

2.2.1 Hot rolling process
During twin-roll casting, the solidification commences by nucleation at the roll surface and
rapidly proceeds by dendritic growth as the molten metal exits the distribution nozzle. At
the early casting stage, the heat is transferred by conduction since the solidified metal is in
direct contact with the roll. However, when there is no contact point due to the
solidification, shrinkage and entrapment of gas between the metal and the roll, the heat is
transferred through the gas layer by conduction and radiation. This results in poor heat flux
[5]. As the solidification proceeds, the solidified metal is reduced to the final gauge by the
rolling action of the rotating rolls [6]. The thickness of entrapped gas films is decreased by
increasing the contact pressure between the metal and the roll, which leads to a significant
increase in the interfacial heat flux at this stage.
Nozzle blockage, which is caused by high reactivity of molten magnesium with oxygen,
can occur under insufficient melt protection or at a low nozzle temperature, and results in
unstable melt flow [7]. The ceramic filter with inter gas sparing alleviates the porosities in
the strip. Porosities are caused by oxide inclusions forming in the melt [5]. Using an
appropriate melt protection gas, a mixture of SF6 and CO2 or its alternatives, is also prone
to prevent defects occurring [5, 8]. Furthermore, a new magnesium melt feeding system has
been suggested it uses rotated screws that intermesh to condition molten metal prior to
solidification during twin-roll casting. This enables refinement of the microstructure and
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compositional uniformity of the cast strip [9-13]. The pilot plant twin-roll casting machine
is shown in Fig. 2.5.

Figure 2.5 The operation of the pilot plant twin-roll casting machine [13].
Twin-roll casting has also been reported to apply extensively in aluminium alloys
production [10-21]. Driven by the demands of quality improvement and reduced cost for
magnesium alloys, development in continuous casting and hot rolling has been strongly
dominated. Consequently, twin-roll casting that shortens the production line by connecting
casting and deformation has been proposed and researched [2-11, 29-65, 73]. Various new
thin slab casting processes are being developed and explored with experimental or pilot
casters worldwide [16].
Takuda et al. [26-28] have investigated the formability and the criterion for ductile fracture
of magnesium alloy sheets. The Yinguang Magnesium Group cooperates with the Fuzhou
Huamei Company to produce magnesium alloy strip with 200-600mm width and 2-8mm
thickness [30] with the fine and uniform microstructure as shown in Fig. 2.6. The strip with
the fine microstructure has a good usage at automobile and aviation industries.
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Figure 2.6 Microstructure of magnesium alloy strips [3].

2.2.2 Nozzle setting and roll separating force
A set-back distance from nozzle tip to roll nip is a crucial factor during twin-roll casting.
The roll diameter, roll gap and nozzle thickness are the factors that affect the tip set-back
distance and which influence melt solidification during the rolling. Consequently the
microstructure of twin-roll casting strip is also affected.
A substantial roll separating force is generated along the arciform contact of the metal
while the thickness of stick is reduced by the rolling action. An increase of the roll
separating force has positive effects on the quality of the casting strip (such as more
uniform thickness and less propensity to crown formation) because the heat transfer is
increased between the strip and rolls as demonstrated in the twin-roll casting of metal alloy.
Although it helps in strip forming, the increase in the separating force can result in
significant problems such as macro-segregation. If the roll separation force is high, soluterich liquid will be pushed ahead of the two-phase (S+L) region during solidification leading
to centreline segregation in the form of elongated rods of eutectic phase at the core of a cast
strip [34-39, 59-62]. In certain circumstances, the inverse segregation occurs in magnesium
alloys [36] when the solute-rich liquid is squeezed out from the mid-thickness region to the
outer surface by the hydrodynamic effects enforced by rotating rolls. The tendency reveals
that macro-segregation may exist in magnesium alloys which have freezing ranges of 10 25K and is more problematic with rising solute content. Solving the segregation-related
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problems in magnesium depends on melts conditioning and on the control of the roll
separating force affected by alloy composition. Designing new alloy compositions which
have narrow freezing ranges without a sacrifice in mechanical properties could be a
solution.

2.2.3 Microstructure advantages
Dendritic, columnar, or equiaxed microstructure in casting strip could affect the size and
shape of grains. Normally, twin-roll casting with a high solidification rate could produce a
dendritic structure which is much finer than that in ingot casting. Such refined
microstructure in as-cast condition results in fine grains and second phase constituents in
the microstructure of the final strip. Fig. 2.7 shows the microstructure of the AZ31 sheet
produced by twin-roll casting and warm rolling at POSCO (Korea) [6]. In summary, the
microstructure of twin roll casting exists of fine equiaxed and homogeneous grains (average
size about 6µm in AZ31).

Figure 2.7 Microstructure of the AZ31 alloy sheet subjected to TRC and warm rolling
(POSCO/RIST) [6].

2.2.4 Twin-roll casting speed
The productivity depends on the casting speed to a great extent. Although increasing the
casting speed is favourable, the achievable maximum speed is generally limited by the
quality of the strip. In general, a deeper liquid and semi-solid zone is generated by the
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higher casting speed [34, 39, 40,]. Similar results also appear when increasing melt
temperature [41]. In high speed casting, a non-uniform temperature distribution and heat
transfer coefficient at increasing submerged depth may cause localised solidification defect,
which frequently generates along the heat line, causing voids and surface/edge crack along
the strip width [7]. The quality of strip is more difficult to control when the molten metal
has a relatively fast freezing property such as is the case with magnesium alloy. However,
appropriate design, improvement to the roll cooling system and careful control of
interfacial heat transfer can be helpful in alleviating casting defects. Uniform metal feed,
and inert gas could reduce surface oxidation on strip at the high casting speed.

Figure 2.8 Summary of projected productivity of near-net-shaped steel casting
programmes [42].
Using the on-line strip production technology developed by Mannesmann Demag AG, there
is a 500,000 tonne annual output of 3mm gauge, high-grade alloyed and unalloyed carbon
and stainless steels now being produced on production lines. Fig. 2.8 shows a plot of the
outline flow velocity of material of slab and thin slab. Moreover it indicates the strip
velocity value of machines versus exit gauge to maintain iso-productivity levels within
reach of current slab-caster practices. From Fig. 2.8, it can be seen that a strip exit velocity
in the order of 60mm/min and exit gauges of 4mm are required to make productivity of
twin-roll casting equivalent to that of the modern continuous strip casting machines [42].
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2.2.5 Vertical and horizontal twin-roll casting
In general, twin-roll casting can be principally divided into two types, namely vertical and
horizontal, based on the arrangement of rolls. The two fundamental forms of twin-roll
casting are shown in Figs. 2.9 and 10. There are also several variations of twin-roll casting,
though most in an inclined or inverted form [2, 43].

Figure 2.9 Schematic diagram of vertical twin-roll casting: 1 tip; 2 cast roll; 3 melt; 4
ladle [2].

6

Figure 2.10 Schematic diagram of horizontal twin-roll casting: 1 tip; 2 melt; 3 cast roll;
4 casting and rolling area; 5 cast strip; 6 melt surface [44].
The vertical twin-roll casting (VTRC) is typically applied in the steel industry. However the
horizontal twin-roll casting (HTRC) is more popular for nonferrous alloys [44]. The
selection is mainly based on the required cooling efficiency of a caster as well as the
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thermal properties of the material applied. In general, horizontal twin-roll casting is
preferred for aluminium alloy because of its thermal properties. There are reports about the
fabrication of magnesium alloy strip using vertical twin-roll casting [45]. Some
comparative studies between the horizontal and vertical twin-roll casting [15] have been
carried out. From the comparisons, horizontal twin-roll casting is more suitable for
producing wide sheets, and thus favourable for commercialisation due to the relatively easy
control to obtain a uniform microstructure. Vertical twin roll casting has the advantage of
fast casting speed. Given the advantage of the higher casting speed of VTRC, magnesium
alloys have been firstly industrialised with VTRC.
Table 2.1 Comparison between VTRC and HTRC
Effective
Casting

cooling
arc/mm
300−400

VTRC

(d 850
mm)

Cooling

Casting

rate

100−1

Controlling

of

Thickness
of

melt

melt pool

(m·min−1)

distribution

height

≥10

Difficult

Difficult

Yes

1−4

1.0

Easy

Easy

No

4−8

speed/
/(K·s−1)

Uniform

Symmetry

000

cooling

cast
strip/mm

30−40
HTRC

(d 850

≤100

mm)

Table 2.1 lists the process characteristics and equipment between the vertical and horizontal
twin-roll casting. Given the same diameter of the roll, the effective cooling arc and the
cooling rate of the roll in vertical twin-roll casting are 10 times those of the roll in
horizontal twin roll casting. Consequently, better microstructure and quality of strip can be
achieved by symmetrical cooling in vertical twin-roll casting. Therefore, vertical twin-roll
casting is more suitable for production of thin magnesium alloy strip with fine grains for
potential application in computer, communication, consumer-electronic or motor products.
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On the other hand, the molten metal surface in the melt pool dose normally not contact roll
directly during horizontal twin-roll casting as shown in the Fig. 2.10. The melt surface
contacts with the alloy and the rotating roll and could reduce the stability of the melt
surface in the vertical twin-roll casting. Therefore, for wide sheet, which needs more
control during casting, horizontal twin-roll casting is more suitable. Traffic and transport
tools could be the potential application for sheets from horizontal twin-roll casting.
In summary, vertical and horizontal twin-roll casting could improve their processes with
reference to the advantages of each other in practice. For vertical twin-roll casting of
magnesium alloy strips, research should be carried out to improve the stability of the
process and enhance the industrialisation. However, for horizontal twin-roll casting of
magnesium alloy strips, the quality should also be improved and the application should be
expanded.

2.3 Types of vertical twin-roll casting
There are some different types of vertical twin roll casting, which have their own
advantages.

2.3.1 Non-submerged nozzle TRC
In the basic type of vertical twin roll casting for magnesium alloys, as shown in Fig. 2.9,
the melt surface of the pool directly contacts the roll. Hence, the primary solidification
point is under the melt surface contact point and the fluctuation of the melt surface will
harm the stability of the primary solidification point, and further probably bring a poor
surface quality to the strip [48].
During this type of twin-roll casting process, the oxide film on the melt surface resulting
from the high chemical activity of magnesium alloys may be mixed into the pool by the
rotating roll, and then it will influence the strip quality. Solidification could be unstable due
to harm from melt flux in the solidification area as well.
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2.3.2 Submerged nozzle TRC
The type of twin-roll casting shown in Fig. 2.11 is also common in production. In this case
a submerged nozzle in the melt pool is usually used to feed the molten metal from a holding
furnace or tundish. In this type of VTRC, ceramics are often adopted for the edge dam to
prevent the melt leakage. It should be noted that the material of the melting furnace, the
edge dam and the nozzle could react with magnesium alloy, due to their silica composition.
Therefore, the selection of nozzle design and material quality are crucial technical factors
for fine twin-roll casting strip production.

Figure 2.11 Illustration of vertical twin-roll casting: 1) nozzle, 2) melt surface, 3)
casting roll, 4) primary solidification point, 5) casting strip [3].
The other type of submerged nozzle vertical twin-roll casting is shown in Fig. 2.12.
Material with good thermal insulation and chemical inertia with magnesium alloy is
adopted for manufacturing a special refractory. Furthermore, the refractory addition
separates the melt surface from the roll during casting. Consequently, the melt surface is
increased and elevated over the contact line between the refractory material and the roll.
The advantages of this type of vertical twin-roll casting include:
•

The fluctuation of the melt surface during the casting does not affect the position of
the primary solidification point.

•

The oxide film on the melt surface cannot be mixed into the pool, and the quality of
the strip can be improved.
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•

The distance between the melt surface and the solidification area increases and the
effect of melt on the solidification area can be reduced.

Figure 2.12 Schematic diagram of new VTRC: 1 Nozzle; 2 Melt surface; 3 Cast roll; 4
Primary solidification point; 5 Cast strip; 6 Refractory materials [3].

2.3.3 Melt ejection twin-roll casting
A third method is called melt ejection twin-roll casting (METRC) and is shown in Fig.
2.13. The melt is ejected on one roll, however it will be better if the double nozzles can be
equipped on both rolls. In order to study the fundamentals of METRC, the one nozzle type
was adopted. In METRC, the melt contact length can be controlled because the molten
metal from the melting furnace flows though cooling slop, nozzle and roll to the melt pool.
Therefore, a low superheat casting can be obtained. The mass of the melt ejected from the
nozzle is controlled by the nozzle-roll gap and the melt head. Therefore, the operation of
the METRC is more difficult than that in other types of vertical twin-roll casting.

31

Figure 2.13 Illustrations of melt ejection twin roll caster: (a) strip casting from melt; (b)
contact length between the melt and the roll is longer than (a); (c) strip casting from low
superheat melt or semisolid slurry [10].

2.3.4 Hydrostatic press twin roll caster
The hydrostatic press twin roll caster (HPTRC) is shown in Fig. 2.14, the melt pool is built
between the rolls and side dam plates. There is meniscus oscillation of melt that occurs at
the tip of nozzle. The oscillations have a negative effect on the surface of the strip,
especially when the roll speed is higher than 20m/min. In order to avoid this oscillation,
hydrostatic pressure is used in practice. A cooling slope is equipped with the HPTRC in
order to carry out the low superheat casting, and the contact length can be changed by the
position of the nozzle. Strip thickness is not related to bouncing of the melt levelling which
is caused by nozzle width variation.
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Figure 2.14 Illustrations of hydrostatic press twin roll caster: (a) strip casting from melt;
b) contact length between the melt and the roll is longer than (a); (c) strip casting from low
superheat melt or semisolid slurry [10].

2.4 Twin-roll casting of magnesium
As the lightest commercial structural alloys, magnesium alloys are considered to be one of
most promising materials for the 21st century [49-51]. Magnesium is 36% lighter per unit
volume than aluminium and 78% lighter than iron. When alloyed, magnesium has the best
strength to weight ratio of all structural metals.
The magnesium alloys have excellent specific strength and stiffness, and good
machinability castability and damping capacity, which are superior to other metals such as
aluminium alloys and steel. Moreover, magnesium alloys have outstanding shielding
capability against electromagnetic interference.
Owing to its good recyclability, magnesium alloys have attracted global attention from the
standpoint of environmental conservation.
The process of the roll casting can be accomplished both by physical transformation such as
pouring, solidifying, rolling, running out and by cooling in a very short time. In order to
understand the conditions and coupling thermal-stress fields intuitively and accurately in
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the molten pool during rolling, the numerical simulation with finite element model is
employed in the research work.

2.4.1 Overview
Following the rapid development of automobile, information applications and aircraft
technology, the demand for light-weight products with high strength keeps growing. One of
the key solutions is the utilisation of magnesium alloys, which are able to reduce the total
product weight when it replaces conventional steel or aluminium in products.

Figure 2.15 Inner panel and outer panel of an automotive engine hood assembly
fabricated with the TRC AZ31 alloy sheet (POSCO/RIST/GM) [6].
Automobile manufacturers have tried to evaluate the suitability of magnesium alloys to
replace steel and aluminium for automotive structural and sheet applications. Some of them
already have manufactured magnesium components (Fig. 2.15). However, the high
34

manufacturing cost is still a major barrier to an increase in the application of magnesium
alloys.
Compared to conventional processes, the cost can be reduced via near-net shape casting
processes such as thin slab casting, single-belt casting and twin-roll casting. Twin-roll
casting can produce thin as-cast strip less than 6mm thickness [53], while the thickness of
the conventional ingot casting produced magnesium slab is over 300mm. It is the most
economical process, with investment costs that are only one quarter to one third of the
conventional magnesium strip production process. In addition, twin-roll casting can provide
faster solidification rates 102 to 103 K/s. The fast solidification rate of twin-roll casting has
beneficial effects for microstructures such as reducing segregation, refining microstructure
features and extending solid solubilities.

2.4.2 Magnesium alloy--AZ31
The AZ31 means the weight percentages of Al and Zn are 3 and 1 respectively in a
magnesium base. It is the most common magnesium alloy for sheet. The rolling orientation
of {0 0 0 1} basal planes in the hexagonal closed packed (HCP) magnesium crystals is
parallel to the sheet surface with the [

0] axis in the rolling direction [55-58], leading to

a preferred orientation known as the basal texture. Hot rolling produces a perfect basal
texture, while the warm rolled sheet exhibits an egg-shaped distribution of {0 0 0 1} plane
in the pole figure [6, 12]. All these characteristics adversely affect the formability and, as a
consequence, considerably limit the variety of automotive body parts which can be made
from magnesium sheet.
The twin-roll casting AZ31 (TRC AZ31) strip consists of a chilled-zone close to the strip
surface, followed by columnar-grains formed as a result of directional solidification [34,
61, 62]. The constitutional undercooling could cause the equiaxed grains, which are
observed along the centre of the twin-roll casting strip. Park et al. [59, 60] have observed
that subsequent annealing transforms large columnar grains into fine equiaxed grains
because strain is accumulated in the columnar grains during the in situ rolling of the TRC
process. Fine equiaxed grains with an average size of 6 µm are produced via TRC followed
by warm rolling and annealing [36-38, 47-49].
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Figure 2.16 (a) Thickness (RD–ND) microstructure of AZ31-H24, (b) {0001} pole
figure, (c) thickness (RD–ND) microstructure of the commercial AZ31-H24 after 1 h at 420
°C and (d) the corresponding texture [67].
The microstructure of the as-received AZ31-H24 strip contains numerous twins shown in
Fig. 2.16. The strip surface includes texture with strongly basal planes in Fig. 2.16 (b).
Since the slip occurs mainly on the basal planes, the preferred orientation develops in
magnesium during plastic deformation, which leads to their alignment parallel to the metal
flow direction. New recrystallized grains after annealing at 420

can be found and shown

in Fig. 2.16 (c). The pole figure in Fig. 2.16 (d) indicates that the mechanisms of
recrystallization in the AZ31-H24 are likely to be grain-boundary bulging and twin-induced
recrystallization. These new grains are limited to the twin areas and do not extend into the
matrix, hence the final texture is not significantly affected [67].
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2.4.3 Grain structure of TRC AZ31
The grains have remained small during the process of twin roll casting because of the
associated high cooling rate that limits time for grain growth. The dendritic structure shown
in Fig. 2.17 was observed in the as-received of TRC AZ31sheet. Owing to higher
constitutional undercooling could produce dendrite or columnar structure rather than
equiaxed grains. Hence the transition from columnar to equiaxed grains during
solidification attributes to the lower constitutional undercooling.

Figure 2.17 Thickness (RD–ND) microstructure of the as-received TRC: (a) the edge
exhibiting columnar grains growing almost normal to the sheet surface and (b) the midthickness showing the dendritic structure with equiaxed grains in the middle [50].
The average size of equiaxed grains shown in Fig. 2.17b is about 16 µm and these can be
observed in the mid-thickness. The transition from columnar to equiaxed grains during
solidification can be attributed to the constitutional undercooling.

Figure 2. 18 Small equiaxed grains in as-received TRC AZ31: (a) edge, and (b) midthickness [50].
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From Fig. 2.18, it can be seen that very small grains exist along certain gain boundaries,
near both the edge and the mid-thickness of the strip. These may be dynamically
recrystallized grains, which are formed as a result of warm rolling during twin-roll casting.

2.4.4 Effect of cooling rate
The microstructure and mechanical properties can be significantly affected by the
solidification rate. The effect of the solidification rate on the casting strip as the final
product is more pronounced, although wrought product is also influenced by the original
as-casting microstructure. Once the solidification microstructure and the related defects
have been created, they are hard to eliminate, and the microstructure after forming could be
affected. The control of the cooling rate results in a reduction of the dendrite arm spacing
and an improvement in the mechanical properties. Moreover, the cooling rate influences
significantly the properties of ductility and tensile strength.

2.4.5 SDAS TRC AZ31
The average secondary dendrite arm spacing (SDAS) in the as-received twin-roll casting
strip are 7.5 and 10.3µm, near the edge and in the mid-thickness respectively. The
respective cooling rates are determined as 325 and 152 °C /s. The SDAS of TRC AZ31
strip is between 3 to 6.5 µm. These SDAS values are significantly smaller, and the cooling
rates are much higher than those commonly seen in the DC casting, where SDAS are 34µm
and the cooling rate is 10°C/s.

2.4.6 Size of second-phase
The average size of second-phase particles in the as-received TRC AZ31 is 1µm, while that
in the DC casting is about 2.75µm. According to Masoumi et al. [60], the α-magnesium
matrix with magnesium, aluminium, zinc and manganese elements are indicated in the TRC
strip as shown in Fig. 2.19. Two types of second phases could be observed; one which
includes magnesium, aluminium, and zinc is presumably (Al,Zn)49Mg32 phase. The other is
composed of Al and Mn and is probably a mixture of Al11Mn4, Al19Mn11, Al18Mn5 and βMn(Al) intermetallics [61]. There is no noticeable macrosegregation through the thickness
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of TRC AZ31, which is reported by Park et al. [17]. Moreover, the deformation and
nonequilibrium solidification could cause segregation at mid-thickness.
As seen in Fig. 2.20a, dislocation accumulation exists around the second phases in the asreceived TRC AZ31. The nanosize particles that were observed in Fig. 2.20b are distributed
in the matrix. These could be Mn-Al particles formed in the liquid metal with the high
cooling rate from twin-roll casting limiting their growth.

Figure 2.19 Second phase particles in SEM micrograph and the EDS spectrum of the
matrix in the as-received TRC AZ31 [55].

Figure 2.20 TEM observations on the as-received TRC AZ31: (a) dislocation pile-up
around the second phase particles and (b) nano-size particles [55].

39

2.4.7 Texture of TRC AZ31
On the surface of the as-received TRC AZ31, the majority of grains are orientated with
their basal planes {0 0 0 1}, which is nearly parallel to the strip surface (basal texture). A
similar basal texture is also observed at mid-thickness of the TRC AZ31. The basal <α>
dislocation constitutes the most active slip system and its operation during rolling
deformation rapidly orients the basal planes parallel to the strip surface. The basal textures
can either be a deformation texture or a casting texture. Comparing with quasi-TRC
(casting at TRC cooling rate but without rolling deformation), the development of basal
texture in the as-received TRC AZ31 is a result of the in-situ casting deformation applied
by the casing rolls.

Figure 2.21 EBSD map from the RD–TD plane of the as-received TRC AZ31 sheet
[52].

Figure 2.22 EBSD map from the RD–TD plane of the as-received TRC AZ31 sheet
(close to edge) [52].
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Figure 2.23 EBSD map from the RD–TD plane of the as-received TRC AZ31 sheet
(mid-thickness) [52].
Figs. 2.21 - 2.23 show the EBSD maps on the RD-TD plane in different places of the asreceived TRC AZ31 strip in different place. From Fig. 2.21, it can be seen that the large
grains are mostly in the basal orientation and smaller grains tend to have random
orientation in the as-received TRC AZ31. The EBSD maps nearby the edge and midthickness parts are shown in Figs. 2.22 and 23. Some fine grains close to the sheet surface
processes with a random orientation shown in Fig. 2.22. Those fine grains with random
orientation are not chilled gains because basal orientation as a result of rolling deformation
following the solidification should exist in chilled grains. The random orientation indicates
that they are new recrystallized grains. Similarly, the fine equiaxed grains in the midthickness shows a random texture as shown in Fig. 2.23. Because the grains are formed at
the last stage of solidification they experienced much less deformation, if any, compared to
those close to the sheet surface during the TRC process. Therefore, these grains do not like
to be a result of recrystallization. It also indicates that the texture intensity in the minthickness of the sheet is lower than that close to the sheet surface.

2.4.8 Annealed TRC AZ31
Since the process of casting and rolling are combined in twin-roll casting, annealing has a
significant effect on the microstructure of the as-received TRC AZ31. Fig. 2.24 shows the
recrystallized microstructure of TRC AZ31 which was annealed 1 hour at 420°C. Because
the fast kinetics of magnesium recrystallization, the temperature that exits in the roll gap
below 420 °C is it suggested as insignificant recrystallization was possible in the short time
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for the amount of strain accumulated, and the extensive twining could be prevented by a
high deformation temperature. The very large gains seen in Fig. 2.24 are remnants of large
as-cast grains and the smaller ones are the recrystallized grains.

Figure 2.24 Microstructure of the TRC AZ31 strip after 1h at 420°C (a) edge and (b) midsection [46].
Fig. 2.25 [50] shows the microstructure and texture analyses after annealing for 3, 5 and 20
mins at 420°C. The recrystallization begins at an early stage with the nucleation of very
fine grains that grow with time. The microstructure approaches its equilibrium state owing
to the second phases decrease. The texture begins to change in the early stage of annealing,
which confirms that the nucleation and growth of new grains are responsible for texture
alteration.

Figure 2.25 The microstructures (a–c) and corresponding surface-texture pole figures
(d–f) of the as-received TRC AZ31 annealed at 420°C for 3, 5 and 20 min, respectively
[50].
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Figure 2.26 Microstructures (a-c) of as-received TRC AZ31 annealed for 1h at 350°C,
375°C and 400°C [56].
In the case of annealed TRC AZ31 (for 1 hour in 350, 375 and 400°C (Fig. 2.2), limited
recrystallized grains are observed after annealing at 350°C because of the lower
temperature. Recrystallized grains are observed around certain large grains but the
recrystallization is quite localized, and its extent is limited. Moreover, most of the second
phases have dissolved in the matrix. The texture alteration starts at 375°C and progresses
further at 400°C. These observations suggest that recrystallization is indeed responsible for
the texture alteration.

2.4.9 Rolled and annealed TRC AZ31
The recrystallized structure with characteristic shear bands is also exhibited in the TRC
AZ31 which has been rolled and then annealed at 400 °C for 5 min. The EBSD map of this
case (Fig. 2.27) shows that the texture of the grains in the centreline-segregation zone is
almost identical to the texture of the gains outside segregation zone. Although the
segregation area appears slightly darker than the rest of the matrix, the elemental
segregation does not have a significant effect on the overall texture of strip.
Typical true stress-stain curves from tensile tests for the TRC AZ31 in the as-received and
annealed states are shown in Fig. 2.28. The tensile properties can be improved significantly
after annealing. As shown in Table 2.2, the elongations in the rolling and transverse
directions show increased improvement of 180% and 65% respectively, and UTS
improvement is 10% in both the RD and TD directions. The weaker basal texture is resulted
from annealing facilities the slip, that because improvement in elongation could be
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attributed to basal pole rotation away from recrystallized grains. The twin-roll casting
process can produce a cast and warm-rolled strip in one step. It is possible that some
particular components, which are formed at low temperature, do not need further rolling. It
is very important to obtain adequate formability (bending and stamping) in the strip
production.

Figure 2.27 the RD-ND plan of the rolled-annealed TRC AZ31 [62].

Figure 2.28 The true stress-strain curve of the as-received TRC AZ3 (RD AND TD),
and the annealed (1h, 420°C, RDH and TDH) [62].

2.5 Anand’s model
In the twin-roll casting process, which combines casting and hot rolling into a single
manufacturing process, thermal stress and mechanical stress are involved. An appropriate
constitutive model is very important, and it must take a high temperature gradient into
account; both liquid and solid regions and rolling deformation. Anond’s model is a
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temperature-dependent, rate-dependent and unified creep and plasticity model. Jaumann
derivative is employed in Anand’s model, which makes the constitutive model frameindifferent (objective) and therefore, the high nonlinearity behaviour in the twin-roll casting
process can be simulated.
Table 2.2 Tensile properties of TRC AZ31 in rolling and transverse directions (RD, TD)
Sample
TRC AZ31/RD
TRC AZ31/TD
Annealed TRC
AZ31/RDH
Annealed TRC
AZ31/TDH

0.2YS%(M
Pa)
153
109
141

UTS (MPa)

n-Value

230
242
254

Elongation
(%)
4.0
7
11

96

264

12

0.318

0.117
0.261
0.180

Anand et al. [74-76] have proposed a set of internal type constitutive equations for large
elastic-viscoplastic deformation at high temperature. Two basic features should be noted in
this model. No explicit yield conditions and no loading/unloading criterion are needed in
the model. The plastic strain is assumed to take place at all nonzero stress values, although
at low stresses the rate of plastic flow is probably immeasurably small. On the other hand, a
single scalar as an internal variable is employed in the model to represent the isotropic
resistance to plastic flow offered by the internal state of the material.
The internal variable S represents an average isotropic resistance to macroscopic plastic
flow offered by the underlying isotropic strengthening mechanisms. The deformation
resistance S is consequently proportional to the equivalent stress σ. That is:
σ = c ∙ S; c < l

(2.1)

where σ is the equivalent stress and c is a material parameter which is a constant in the
constant strain rate and can be defined as

(2.2)
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where,

is the effective inelastic strain rate, A is the pre-exponential factor, Q is the

activation energy, m is the strain rate sensitivity, ξ is the multiplier of stress, R is the gas
constant and T is the absolute temperature.
The flow equation is

(2.3)

and the evolution equation for the internal variable S is
;

>1

(2.4)

with
(2.5)

where h0 is the hardening constant, A is the strain rate sensitivity of hardening, S* is the
saturation value of S,

is a coefficient, and n is the strain rate sensitivity for the saturation

value of deformation resistance model. A, Q, ξ, m, ho, , n, a and s0 can be obtained from
compression tests, by which large strains can be achieved due to the absence of necking and
duly developed plastic flow. Isothermal constant true strain rate tests of AZ31 alloy with
different strain rates and temperature were carried out, and the relationship between the true
strain and stress curves are shown in Fig. 2.29 [34].
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Figure 2.29 AZ31 compression true strain and stress curves at different temperatures
and strain rates -0.01s-1 [32].
Anand’s model can be divided into two parts. First, the relationship between the saturation
stress with different temperatures and strain rates based on Eq. 2.3. Secondly, based on the
internal variable evolution equation (Eq. 2.4), the curves of stress-strain can be simulated
accurately.
Eq. 2.3 can be rearranged by Eq. 2.5 for the saturation stress:

(2.6)

where the six materials constants, Q/R, A, s, /ξ, m and n can be determined by a nonlinear
least square fitting of

from the experimental results. The parameter ξ is chosen

such that the constant c is less than unity (Eq. 2.1).
combination term

can be determined from the

.

From Eq. 2.4, given the relationship σ = c·s, the internal variable of the evolution equation
can be expressed in term of stress as
(2.7)

47

or equivalently
(2.8)

The integrated form of Eq. 2.7 can also be written as

(2.9)
The assumption of no slip condition between roll/metal interfaces is not accurate in twinroll casting process, and this could cause increased compressive stress.
In a multidimensional case, the evolution equation of the Anand model can be expressed as
Eq. 2.10. The stress utilises the Jaumann derivative which renders this model properly
frame-indifferent.
(2.10)

with
(2.11)

where

is the Jaumann derivative of Cauchy stress, Tij, Eijkl is the elasticity modulus, Dkl

is the stretching tensor, and Wip is the spin tensor. This means that the Anand model is
suitable for simulating large deformation at a high temperature.

2.6 Finite Element (FE) modelling
2.6.1 Virtual work principle and equilibrium equations
ANSYS CFD and Structural Mechanics perform the analysis using the Virtual Work
Principle. This is a principle which states that the total virtual work done by all the forces
acting on a system with a static equilibrium is zero for a set of infinitesimal virtual
displacements from equilibrium.
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The V denotes a volume occupied by a part of the body and let S be the surface bounding
this volume. The stress equilibrium equation is as follows:
(2.12)
where the stress vector is expressed by σij, the relationship between the rate and velocity
could be:
(2.13)

The vi is the velocity and

is the stain rate vector. The interface Sp applying the external

force boundary condition is:
(2.14)

where nj is the unit outward and normal to Sp at the point

is the external force.

For any virtual velocity, the statically admissible stress field, that is σij = σji, satisfies the
following virtual work principle,
(2.15)

where
(2.16)

2.6.2 Mathematical formulation
A steady-state three-dimensional fluid flow, heat transfer and solidification model has been
developed and applied to the twin-roll casting process for steel and aluminium alloys. The
turbulence from the Navier-Stokes equation is fully coupled with a different energy balance
equation that takes solidification into account. For turbulence, a low Reynolds number form
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of the k-ε model has been used. For enthalpy, the approach suggested by Bennon and
Incropera [71] was adopted.
The conservation equation for each of the dependent variables (u, v and w velocities in the
x, y and z direction, respectively, k, ε and enthalpy h) can be expressed in general as:
(2.17)

where, ρ is the density,

represents the dependent variable and

and

are its diffusion

coefficient and source term respectively.

2.6.3 Boundary conditions
The adopted boundary conditions of velocities and temperature are very important concern
when using the turbulent model. A popular approach to calculate convective transfer rates
in turbulent flow is to assume they are close to the solid-liquid interface, but sufficiently
away from it for the effects of molecular transport to be negligible, the velocity and
temperature profiles are given by the so-called universal logarithmic laws. In this case,
instead of applying boundary conditions at the solid-liquid interface, the values of velocity
and temperature are simply matched to those given by the logarithmic laws at a point away
from the interface. This approach is called the wall-function method. The limitation of this
method is that not all boundary layers possess a turbulent structure near the solid-liquid
interface, which conforms to the pattern associated with the logarithmic laws. In particular,
solidification involving the solid-liquid interface normally has a complex morphology,
usually with dendrites, whose spacing depends on the cooling rate. This virtually excludes
the possibility of applying the wall function in solidification problems other than those
involving planar freezing.
The Reynolds number formulation can be adopted to solve the problems. The momentum
and energy equations, coupled with expressions for k and ε, are solved up to the solid-liquid
interface. The rest of the terms, which relate to boundary conditions at this interface, are
added to k and ε equations and a new function (fR) introduced into the equation for
evaluating viscosity of the turbulence:
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(2.18)

where µT is the turbulent viscosity, Cµ is a constant, k expresses the kinetic energy of
turbulence and ε indicates the dissipation rate of kinetic energy.
Some low Reynolds number models [46] developed by Launder, Sharma, Launder and
Jones have been employed to solidification in continuous casting systems by Aboutalebi
and co-workers [77], and the predictions agreed well with experimental results. The
formulation could be expressed:
(2.19)

where Ret is the turbulent Reynolds number given by
(2.20)

where µ is the laminar or molecular viscosity.
The function fR tends to unity as the turbulent Reynolds number increases but is much
smaller than unity with a decrease in Ret. Consequently, it can increase the importance of
laminar viscosity at the point close to the solid-liquid interface; which is in keeping with
physical reality.

2.6.4 Solidification
Several changes should be noted due to solidification effects. In the momentum equations,
the source term is considered. According to Poirier’s work, it is assumed that the columnar
mushy zone behaves like a porous medium and obeys Darcy’s equation. Hence, the form of
the additional term is such that it makes the momentum equation reproduce Darcy’s
equation when the solid fraction increases. The general form of this source term is:
(2.21)
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where

is of u, v or w velocities, g1 is the liquid fraction and k0 is the morphology

constant. In case the denominator is zero when the liquid fraction goes to zero, A is a small
number,

is the roll velocity in the x, y or z components.

The effect of this term on the momentum equation is to require velocities within the mushy
zone to gradually approach the corresponding component of the roll velocity, as the liquid
fraction decreases. The value of k0 determines the speed of this approach. The morphology
constant is normally in the range of 105-107, which results usually is reasonable agreement
with experimental results.
The morphology constant formulation is widely adopted due to the significantly high
cooling rate in a twin-roll casting, and the value of k0 in the upper limit of the range (~107)
is assumed. In arbitrarily defined areas around the nozzle and close to the side dams, the
velocity

in Eq. 2.21 is set as zero instead of being the component of the roll velocity.

This makes the velocities in those regions approach zero when the solid fraction increases.
For the method proposed by Shyy et al. [12], which dampen turbulent transport inside the
mushy zone, there is a correction of the function fR based on the local liquid fraction.
(2.22)

Function fR is replaced by fµ in the evaluation of the turbulent viscosity.
The release of latent heat and the evaluation of solid, liquid or fractions is another
important issue. A simple relationship for the liquid fraction as a function of enthalpy is
used in this work:
(2.23)

where h is the enthalpy of metal at a certain temperature between the liquidus and solidus
temperatures, hs and h1 are the enthalpy at the solidus and liquidus temperatures
respectively, and the enthalpy is defined as:
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(2.34)
where Cp is the specific heat, T is the temperature, Tref is the reference temperature
(arbitrary), and L is the latent heat.
This relationship is also used by Flint [78]. Formulations based on the lever rule and
parabolic functions of temperature [76] have also been proposed. Since solidification in
strip casting processes is very fast, it does not reasonable to assume equilibrium conditions,
and in this case the lever rule will not be valid. A more accurate evaluation of the liquid
fraction in the present model would involve the modelling of micro-and macro-segregation
in multi-components metal alloys. This would increase, even more, computation time,
without changing the basic character of the results.

2.7 Fluid, Structural Mechanics and FE model of ANSYS
ANSYS, a general purpose finite element modelling software package, offers a
comprehensive range of engineering simulation sets providing access to virtually any field
of engineering simulation where a design process is required. It includes:
•

Static/dynamic structural analysis (liner and non-linear)

•

Heat transfer

•

Fluid problems

•

Acoustic/Vibration

•

Electro-magnetic problems

ANSYS FLUENT software contains the broad physical modelling capabilities required to
simulate model flow, turbulence, heat transfer, and reactions for industrial applications.
Special models that enable the software to model in-cylinder combustion, aeroacoustics,
turbomachinery, and multiphase systems have served to broaden its reach.
Structural mechanics solutions from ANSYS provide the ability to simulate every structural
aspect of a product, including linear static analyses that simply provides stresses or
deformations, modal analysis which determines vibration characteristics, through to
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advanced transient nonlinear phenomena involving dynamic effects and complex
behaviours.
Finite Element (FE) model in ANSYS is an expression of mathematics for physical
structure and substance characteristics. The model is build by meshing on physical model in
ANSYS. The same result can be obtained directly by elements and nodes. More than 200
types of element are employed for solving different problems. The accuracy of the FE
model modelling is significant factor to obtain better results in simulation.
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Chapter 3
Methodology and Finite Element Models

3.1 Methodology
Numerical simulation of the twin-roll casting is carried out using multi-field coupling finite
element simulation and the results of simulation are then compared with experimental
results.
Finite element simulation is carried out using multi-field coupling simulation. The multiple
material properties are input before running program. In ANSYS, the geometry of model is
available and prepared in the modelling tool. The model data could be exchanged and
imported into ANSYS from various CAD softwares, such as Pro/Engineer, NASTRAN,
Alogor, I-DEAS and AutoCAD et al. The meshing of the geometrical of twin-roll casing is
accomplished in the pre-processor module in ANSYS. The appropriately increasing
elements are generated in order to obtain an accurate simulation results, and Anand’s model
is adopted in temperature and flow field coupling in order to obtain more reasonable and
credible results of twin-roll casing simulation. Owing to the thermal stress has significant
influence on the quality of twin-roll casing strip, thermal stress field simulation is added.
Consequently, the module of Fluent and Structural Mechanics solution are used in
simulation. The temperature of points in the model is obtained from temperature-flow
simulation results. The thermal stress can be obtained from Structural Mechanics solutions
module, and the temperature boundary conditions are from thermal-flow coupling
simulation results. The comparisons between experimental AZ31 strip and simulation
results are carried out for confirming the reasonability and veracity of the current
simulation work.
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3.2 Geometrical model
The twin-roll casting process is provides a complicated three dimensional simulation
problem. For convenient of simulation calculation and model building, the twin-roll models
are generally simplified as:
•

Because the thickness of twin-roll casting strip is much less than the length of the
rolling space and width of strip, the twin-roll casting process is simplified from
three dimensions to two dimensions.

•

Because of its symmetry, only half the molten pool is studied.

The established twin-roll casting models are established as shown in Fig. 3.1. Fig. 3.1a
shows a twin-roll casting simulation model with non-submerged nozzle, in which the
melted alloys is poured into the molten pool, but the nozzle does not contact with the
molten metal surface. Fig. 3.1b illustrates the model with a submerged nozzle (the nozzle is
immersed into molten pool).

a)
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b)
Figure 3.1 Twin-roll casing model a) without submerged nozzle and b) with submerged
nozzle.
The lines in the model are listed in Tables 4.1 and 4.2.
Table 3.1 Lines in the twin-roll casting model with non-submerged nozzle model
Number of lines

Name

L1

Length of rolled strip on symmetrical line

L2

Thickness of rolled strip

L3

Length of rolled strip on surface line

L4

Symmetrical line of molten pool

L5

Width of nozzle pouring entrance

L6

Horizontal distance from nozzle to roll

L7

Contact line between the metal and roll
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Table 3.2 Lines in the twin-roll caster model with submerged nozzle model
Number of lines

Name

L1

Length of rolled strip on symmetrical line

L2

Thickness of rolled strip

L3

Length of rolled strip on surface line

L4

Symmetrical line of molten pool until nozzle bottom

L5

Width of nozzle bottom

L6

Wall of nozzle

L7

Spout of nozzle

L8

Wall of nozzle

L9

Horizontal distance form nozzle to roll

L10

Contact line between the metal and roll

3.3 Key parameters
Key parameters can influence significantly the process and quality of twin-roll casting. For
studying AZ31 twin-roll casting, values of various key parameters are used for comparison
and research. There are few reports about the AZ31 twin-roll casting at high casting speed
and pouring temperature or for different submerged nozzle depths and nozzle spray angle
settings. The studies of these are precious and important.
In general, twin-roll casting simulation models can be divided into two types, and there are
nine different key parameters for each model, totalling eighteen group simulations of twinroll casting, the details are shown in Tables 3.3 and 3.4.
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Table 3.3 Key parameters details in the non-submerged nozzle simulation model
Casting speed Vc (m/s)

1

0.8

1.2

Pouring temperature Tc (K)

943

973

1003

Table 3.4 Key parameters details in the submerged nozzle simulation model
Submerged nozzle depth

15

20

25

10

15

-10

(mm)
Nozzle spray angle (°)

a)

b)

Figure 3.2 Submerged nozzle of twin-roll casing model simplifies from a) 3D to b) 2D.
In this study, the submerged nozzle is represented in 2D as shown in Fig. 3.2. The value of
the liquid metal spray angle from the nozzle is positive if the angle is upward. On the
contrary, the negative value means the spray angle is downward. The value is zero when
the liquid metal is sprayed horizontally.
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The strip of twin-roll casting is produced by two water-cooled rolls, which have a heat
transfer coefficient set as 10,000 W/m2˚C. Further equipment details are shown in Table
3.5. The magnesium alloy AZ31 is selected as a casting material in the simulation, and
Table 3.6 shows properties of AZ31.
Table 3.5 Casting process parameters in FEM simulation (non-submerged model with
1m/s casting speed as an example)
Name

Value

Diameter of casting roll 2R (mm)

500

Casting speed Vc (m/s)

1

Thickness of casting strip 2h (mm)

2

Contact angle (°)

40

Table 3.6 Properties of AZ31
Density (g/cm3)

1.78

Liquidus temperature (˚C)

635

Solidus temperature (˚C)

575

Specific heat (J/kg˚C)

1040

Thermal conductivity (W/m˚C)

95

Latent heat (kJ/kg)

339
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Table 3.7 Thermal conductivity of AZ31
Temperature (K)

Thermal conductivity (W/m K)

294

76.9

324

83.9

373

87.3

423

92.4

474

97.0

524

101.8

3.3 Finite element mesh
There are two types of FE meshing in ANSYS, namely free and mapped meshes. The free
mesh can mesh all geometrical models regardless their shape. The types of free meshed
elements depend on the area and volume of object. They can be represented by
quadrangles, triangles or a combination in the case of 2D, and normally tetrahedrons in the
case of 3D.
The mapped mesh must be quadrilateral or triangular elements in 2D. Only in 3D is there a
hexahedral element. Mapped meshing is practical when a uniform ordered meshing is
required.

61

zFigure 3.3 Free meshed model
In this study, similar simulation results are obtained from free and mapped meshed models.
Hence, the free mesh (quadrangle) was employed for convenient calculation in this study.
In order to increase the accuracy of simulation, more than 40,000 elements were generated.
As an example, the submerged nozzle model is shown in Fig. 3.3.

3.4 Boundary conditions
3.4.1 Flow-temperature coupling field
For the non-submerged model (Fig. 3.1a), the velocity loading is applied on all lines. The
horizontal velocity is zero at the symmetrical line, and the strip surface while the vertical
velocity of strip is 1 m/s. The heat transfer mainly occurs at the interface between the
workpiece and roll (L7). The ambient radiant heat loading is applied on the surface of
liquid metal (L6) and strip (L3). The free press loading is set at the end of strip (L2). The
model, after loading, is shown in Fig. 3.4a.
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b)

a)

Figure 3.4 a) Non-submerged nozzle and b) submerged nozzle model boundary
conditions in flow-thermal field.
If the nozzle is submerged in the molten pool (Fig. 3.1b), the boundary conditions are
different and treatments at the different nozzles. The impact velocity loading (L7) varies
when the submerged nozzle spray angles change while maintaining the casting speed. Other
parts of the nozzle (L5, 6 and 8) are set as unmovable and adiabatic. The loading model is
shown in Fig. 3.4b.

3.4.2 Temperature-thermal stress coupling field
The method of boundary conditions loading of temperature-thermal stress is similar to
flow-temperature simulation.
The temperature of the node, which results from the flow-temperature simulation, as a
boundary condition loads into the temperature-thermal stress coupling field. In the process,
the key point is that temperature accuracy transfers between the two coupling fields. First
of all, the accepted element should be transferred in the structural mechanics module. Plane
42 is default transition because of as same element structure as fluid field. However, Plane
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42 is suitable for the small deformation during the simulation. During twin-roll casting, the
deformation process is complicated because of the roll separating force, thermal stress and
other influences. Hence, the viscoelastic element (visco106) is chosen for simulation with
Anand’s model. The comparison of node temperatures before and after transfer is shown in
Fig. 3.6.

Figure 3.5 A comparison of node temperature between flow-temperature and
temperature-thermal stress coupling field in simulation.
On the other hand, there is no horizontal deformation during the twin-roll casting process,
although the deformation is very complicated in the molten pool. Hence, the displacement
of symmetrical line (Ux) is zero and a boundary condition in the simulation. The nonsubmerged and submerged models after loading are shown in Fig. 3.7a and b respectively.
Moreover, the thermal stress simulation is set as under steady state.
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b)

a)

Figure 3.6 a) Non-submerged nozzle b) submerged nozzle model boundary conditions
in the thermal stress filed.
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Chapter 4
Results and Discussion
The vertical twin-roll casting simulation results were obtained from the calculation of
coupling field. The General Postprocessor of ANSYS was employed to process the results,
which is convenient for comparing the simulation results in different key parameters. The
results of temperature, flow and thermal stress field were analysed respectively in this
study.

4.1 Results of temperature Field
The distribution of temperature in the molten pool is very important because it influences
the stability of the whole process. The temperature at outlet, which is the main concern in
production, is affected by the temperature field. The uniformity of temperature distribution
in the pool is one of the key factors for improvement of the quality of the twin-roll casting
strip, and to estimate the twin-roll casing process.

4.1.1 Non-submerged nozzle model
1) Influence of pouring temperature on temperature field
Three different pouring temperatures, 943, 973 and 1003 K respectively, with 1 m/s casting
speed were simulated in the study. The better pouring temperature, which is more suitable
for twin-roll casting, is obtained by comparing simulation results of temperature field.
The key parameters are as follows: Vc = 1 m/s, Tc1 = 943 K, Tc2 = 973 K, Tc3 = 1003 K.
The nephograms of twin-roll casing temperature fields are shown in Figs. 4.1 - 4.3.
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Figure 4.1 Temperature nephogram of non-submerged model (Vc = 1m/s, Tc = 943K).

Figure 4.2 Temperature nephogram of non-submerged model (Vc = 1m/s, Tc = 973K).

Figure 4.3 Temperature nephogram of non-submerged model (Vc = 1m/s, Tc = 1003K).
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The pouring temperature directly influences the temperature field in the twin-roll casting.
From Figs. 4.1 - 4.3, it can be seen that all the strips are solidified when they depart from
the outlet of the roll. Referring to the temperature scale, the outlet temperature is 628 K
when the pouring temperature is 943 K and increases to 648 K when the pouring
temperature is 1003 K. The outlet strip temperature increases with an increase of the
pouring temperature. The higher pouring temperature not only increases the outlet
temperature of strip, but also results in a larger high-temperature region in the molten pool
as shown in Figs. 4.1 - 4.3. The high temperature region with a 1003K pouring temperature
is obviously larger than that of the other two. That is the result of a high pouring
temperature effect in the same conditions. More details of nozzle pouring temperature are
shown in Fig. 4.4 - 4.6.

Tc=943K

Figure 4.4 Temperature field around the nozzle part in the non-submerged model with
Vc=1.0m/s and Tc=943K.

Tc=973K

Figure 4.5 Temperature field around the nozzle part in the non-submerged model with
Vc=1.0m/s and Tc=973K.
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Tc=1003K

Figure 4.6 Temperature field around the nozzle part in the non-submerged model with
Vc=1.0 m/s and Tc=1003 K.
Due to the high heat transfer coefficient effect of the roll, the molten material close to the
roll is easier to transfer heat than melt near the centre. Therefore, a longer time is necessary
to achieve the same temperature when the pouring temperature is higher. Thus the higher
pouring temperature can enlarge the region of high temperature of the pool. From Figs. 4.4
- 4.6, it can be seen that the pouring temperature mainly influences at the centre of the melt
pool. The effect of pouring temperature on strip temperature at outlet is shown in Fig. 4.7.

Tc=943K

Tc=973K

Tc=1003K

Figure 4.7 Non-submerged model strip temperature field with different pouring
temperatures at outlet.
Figs. 4.8 - 4.10 show the temperature distributions along the symmetrical line and the roll
surface at 943, 973 and 1003 K pouring temperature respectively. The outlet is set as the
origin, and the distance from outlet to strip bottom is expressed as a negative value.
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Figure 4.8 Relationship between the pouring temperature and temperature distribution
(with 1m/s roll speed and 943K pouring temperature) in the non-submerged model.
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Figure 4.9 Relationship between the pouring temperature and temperature distribution
(with 1m/s roll speed and 973K pouring temperature) in the non-submerged model.
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Figure 4.10 Relationship between the pouring temperature and vertical distribution
(with 1m/s roll speed and 1003K pouring temperature) in the non-submerged model.
It can be seen that the temperature remains stable at the top of the symmetrical line due to
the effect of molten metal. The temperatures decrease quickly to about 900K then a bit
more slowly to about 800K. The temperature drops gently during the process of solidifying.
The temperature along the interface keeps stable between 0.11 - 0.15m (Fig. 4.10) because
of the latent heat release in this range. The fluctuations exist near the outlet of roll. The
curve of the interface temperature distribution stability decreases until the outlet, and then
the temperature at strip surface increases suddenly until it is the same as that of the strip
central temperature. The interface reheating is mainly caused by the changing heat transfer
coefficient and thermal stress. On one hand, the heat transfer capability is reduced due to
contacting with air when the strips depart from the roll gap. On the other hand, the thermal
stress release makes the temperature increase because of the large deformation and
temperature gradients at the outlet.
In general, the differences in the temperature along the symmetry and interface lines are
very similar in their tendency, and there is an obvious temperature range overlap between
750 K and 850K in the three simulation results. However, the difference is a minimum in
the range 0.009 - 0.125m when the pouring temperature is 1003K. The smaller range is
helpful for reducing the temperature gradient in the molten pool. Therefore, at the same
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casting speed, increasing the pouring temperature is a useful way to improve the quality of
twin-roll casting strip.
2) Influence of casting speed on temperature field
Casting speed is another key parameter to be considered in twin-roll casting. Three
different casting speeds are commonly used in thin strip casting; namely 0.8, 1.0 and
1.21m/s. The most appropriate casting speed for twin-roll casting is obtained by
comparison of the simulation results.
The parameters adopted in the simulations are: Tc = 973K; Vc1 = 0.8m/s; Vc2 = 0.8m/s, Vc3
= 0.8m/s. The nephograms of the twin-roll casting temperature fields are shown in Figs.
4.11 - 4.13.

Figure 4.11 Temperature nephogram of the non-submerged model with Vc = 0.8m/s, Tc
= 973K.

Figure 4.12 Temperature nephogram of the non-submerged model with Vc = 1.0m/s, Tc
= 973K.
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By comparing the simulation results of the three different casting speeds, it can be seen that
the casting speed can affect the strip temperature at the outlet significantly. There is a
significant difference between the strip temperature at the outlet for the casting speed of 0.8
and 1.2 m/s. The strip outlet temperature achieves 677K when the speed is 1.2 m/s, which
is higher by 86K than that for the 0.8m/s casting speed. Because the faster casting speed
limits the contact time between the roll and the metal, the heat transfer is poor in the molten
pool. Therefore, the high temperature region near the nozzle is enlarged with an increase of
the casting speed. The nozzle region details of temperature field are shown in Figs. 4.14 4.16.

Figure 4.13 Temperature nephogram of the non-submerged model with Vc = 1.2m/s, Tc
= 973K.

Vc=0.8m/s

Figure 4.14 Temperature field around the nozzle part in the non-submerged model with
Vc=0.8m/s and Tc=973K.
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Vc=1.0m/s

Figure 4.15 Temperature field around the nozzle part in the non-submerged model with
Vc=1.0m/s and Tc=973K.

Vc=1.2m/s

Figure 4.16 Temperature field around the nozzle part in the non-submerged model with
Vc=1.2m/s and Tc=973K.
Figs. 4.17 - 4.19 show the temperature distributions along the symmetrical line and the roll
surface at 0.8, 1.0 and 1.2m/s casting speeds respectively at the 973K pouring temperature.
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Figure 4.17 Relationship between the casting speed and temperature distribution (with
0.8m/s roll speed and 973K pouring temperature) in the non-submerged model.
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Figure 4.18 Relationship between the casting speed and temperature distribution (with
1.0m/s roll speed and 973K pouring temperature) in the non-submerged model.
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Figure 4.19 Relationship between the casting speed and temperature distribution (with
1.2m/s roll speed and 973K pouring temperature) in the non-submerged model.
From Figs. 4.17 - 4.19, it can be seen that the main difference embodies in the curve of
interface temperature distributions. Compared with the casting speeds of 1.0 and 1.2m/s,
the interface temperature distribution curve at 0.8m/s reduces smoothly and does not have
the effect of the latent heat release period due to a longer period of heat transformation at
the lower speed. On the other hand, for the fast casting speed (1.2m/s for example), the time
for the heat transfer from melt material to water-cooled roll is limited, and then the whole
temperatures of the melt pool and outlet are improved, and the latent release area is
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extended. Therefore, the temperature range in the high-temperature region is smaller than
that in the other two cases, especially when the speed is 0.8m/s. Consequently, the
appropriate increase in the casting speed is not only prone to improve the temperature
gradient, but also beneficial to the stability of the rolling because the shell thickness of
bonded on the roll can be reduced.
3) Temperature field nephogram with different pouring temperature and casting
speed
The below are the simulation results under the conditions combining different values of
pouring temperature and casting speed (943, 973, 1003K and 0.8, 1.0,1.2m/s respectively).
All the temperature results are shown in Figs. 4.20 - 4.22.

a)

b)

c)

Figure 4.20 Non-submerged model temperature field nephogram of Vc = 0.8m/s, and a)
Tc = 943K, b) Tc = 973K and c) Tc = 1003K.
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a)

b)

c)

Figure 4.21 Non-submerged model temperature field nephogram of Vc = 1.0m/s, and a)
Tc = 943K, b) Tc = 973K and c) Tc = 1003K.

a)

b)

c)

Figure 4.22 Non-submerged model temperature field nephogram of Vc = 1.2m/s, and a)
Tc = 943K, b) Tc = 973K and c) Tc = 1003K.
In summary, both casting speed and pouring temperature affect the temperature distribution
significantly during twin-roll casting. Increasing the pouring temperature and casting speed
can lead to the increase of the outlet temperature. The pouring temperature increases the
77

outlet temperature when the casting speed is low. Normally, the relatively higher outlet
temperature is beneficial for obtaining an improved microstructure and reduced thermal
stress.

4.1.2 Submerged nozzle model
1) Influence of submerged nozzle depth on temperature field
In the case of submerged nozzle, the submerged depth setting is very important for twinroll casting. In this case, three different submerged nozzle depths, 15, 20 and 25 mm
respectively with 10° nozzle spray angle are simulated. The submerged depth which is most
suitable for twin-roll casting is obtained by comparing the temperature field simulation
results. Key parameters in the simulation are:
Vc = 1m/s, Tc = 1003K, α = 10°, D1 = 15, D2 = 20, D3 = 25 mm.
The nephograms of submerged twin-roll casing temperature fields are shown in Figs. 4.23 4.25.

Figure 4.23 Temperature nephogram of the submerged model with α = 10°, D = 15mm.
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Figure 4.24 Temperature nephogram of the submerged model with α = 10°, D = 20mm.

Figure 4.25 Temperature nephogram of the submerged model with α = 10°, D = 25mm.
From Figs. 4.23 – 4.25, it can be seen that the submerged nozzle depth has a significant
influence on the twin-roll casting thermal field, especially at the outlet. The temperature at
outlet increases with a rising submerged nozzle depth. It reaches about 683K when the
submerged nozzle depth is 25mm, which is very close when the submerged nozzle depth is
25mm. However there is a much lower temperature about 666K when the depth is15mm.
Compared to the high-temperature region, the temperature due to the15mm depth is slightly
less than that due to 20mm, but is larger than that due to 25mm. The lower submerged
nozzle depth of 15mm not only could extend the heat transformation time of high
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temperature melt, but is near to the melt pool surface which conducts heat to the air or
shield gas. However, the roll that has a high capability of heat transfer also could influence
the high temperature region when the nozzle is deeper (such as 25mm). Therefore, the high
temperature region near the nozzle is not accurately enlarged with the increase or decrease
of the submerged depth. The nozzle region details of temperature field are shown in Figs.
4.26 - 4.28.

Figure 4.26 Temperature field around the nozzle part in the submerged model with α =
10°, D = 15mm.

Figure 4.27 Temperature field around the nozzle part in the submerged model with α =
15°, D = 15mm.
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Figure 4. 28 Temperature field around the nozzle part in the submerged model with α =
-10°, D = 15mm.
From Figs. 4.26 - 4.28, it can be seen that the influence of the nozzle spray angle is reduced
with an increase in the submerged nozzle depth. In Fig. 4.26, the spray angle is observed in
the high temperature region, but it is generally reduced from upward to straightness when
the submerged depth increases from 20 to 25mm. The angle of spray is affected by the
pressure from the upper molten material, and the disturbance from the complicated flow
nearby the nozzle.
Figs. 4.29 - 4.30 show the temperature distributions along the symmetrical and interface
line when the nozzle spray angle is 10°, and submerged nozzle depths are 15, 20 and 25mm
respectively.
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Figure 4.29 Relationship between the submerged depth and temperature distribution in
the submerged model. Nozzle spray angle is 10°; submerged nozzle depth is 15mm.
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Figure 4.30 Relationship between the submerged depth and temperature distribution in
the submerged model. Nozzle spray angle is 10°; submerged nozzle depth is 20mm.
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Figure 4.31 Relationship between the submerged depth and temperature distribution in
the submerged model. Nozzle spray angle is 10°; submerged nozzle depth is 25mm.

As shown in Figs. 4.30 and 4.31, the temperature along the symmetrical line remains stable
between 0.07 and 0.13m because of the latent heat release in this range. However, when the
submerged nozzle depth is 15mm, the temperature fluctuates as shown in Fig. 2.29. This
may result from the disordered flow of the low submerged nozzle depth.
The submerged nozzle depth also influences the temperature distribution at the interface
between the fluid metal and the roll in the molten pool as shown in Figs. 4.29 - 4.31. When
the depth is 15mm the curve is smooth, but there exists fluctuation when the depths are 20
and 25mm (Figs. 4.30 and 4.31). The distance between the nozzle and interface is reduced
with an increase in the submerged depth. Therefore, the influences of disordered flow near
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the nozzle increase the interface temperature distribution at the interface, and that then
causes the fluctuation in the curves. This uneven temperature drop affects the performance
of the roll and quality of the strip.
2) Influence of nozzle spray angle on temperature field
The nozzle spray angle is another important parameter setting of the concerns in the design
of submerged nozzle In this research, three different nozzle spray angles, 10, 15, and -10°,
with 15 mm nozzle angle were simulated. The suitable spray angle could be obtained by
comparison of the temperature field simulation results.
Key parameters in the simulation are:
Vc = 1m/s, Tc = 1003K, D1 = 15; α1 = 10°; α2 = 15°, α3 = -10°.
The nephograms of submerged twin-roll casting temperature field are shown in Figs. 4.32 4.34.

Figure 4.32 Temperature field nephogram of the submerged model with D = 15mm, α =
10°.
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Figure 4.33 Temperature field nephogram of the submerged model with D = 15mm, α =
15°.

Figure 4.34 Temperature field nephogram of the submerged model with D = 15mm, α =
-10°.
From Figs.4.32 - 4.34 it can be seen that the temperature fields are similar in the three
simulation results. This suggests that the temperature field is not affected significantly by
spray angle changes. However, the strip outlet is influenced. The temperatures at outlet are
in the range of 660 to 666K with the changing spray angle. The area of high temperature
(908 - 1003K) with - 10° nozzle spray angle is a little bit smaller than that when the nozzle

84

sprays are 10 and 15°. The details of temperature field in the nozzle regions are shown in
Figs. 4.35 - 4.37.

Figure 4.35 Temperature field around the nozzle part in the submerged model with D =
15mm, α = 10°.

Figure 4.36 Temperature field around the nozzle part in the submerged model with D =
15mm, α = 15°.

Figure 4.37 Temperature field around the nozzle part in the submerged model with D =
15mm, α = -10°.
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There are insignificant differences due to the spray angle change between 10° and 15°;
which is the reason the strip outlet temperatures are similar. However, as shown in Fig.
4.37, the final angle of impacted molten material tends to move upward, although the spray
angle is -10°. That is affected by the upward velocity that results from rotating rolls at the
top of the molten pool.
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Figure 4.38 Relationship between nozzle spray angle and temperature distribution in the
submerged model. Nozzle spray angle is 10°; submerged nozzle depth is 15mm.
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Figure 4.39 Relationship between nozzle spray angle and temperature distribution in the
submerged model. Nozzle spray angle is 15°; submerged nozzle depth is 15mm.

86

900
880
860

TEMPERATURE (K)

840
820
800
780
760
740
720
700
680
temperature along the symmetry line

660

temperature at the interface between fluent metal and roll

640
-0.04 -0.02 0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

DISTANCE FROM ORIGIN (m)

Figure 4.40 Relationship between nozzle spray angle and temperature distribution in the
submerged model. Nozzle spray angle is -10°; submerged nozzle depth is 15mm.
As was the case for the temperature field simulation results, the temperature distributions
(Figs. 4.38 – 4.40 of the symmetrical line and interface are quite similar among 10, 15 and 10°. This suggests that the changed spray angle does not significantly influence the twinroll casting temperature field apart from the strip temperature at outlet. The strip outlet
temperature increases with the change of the spray angles from downward to upward.
3) Temperature field nephogram with different nozzle spray angles
For the submerged nozzle model, the submerged nozzle depths are set as 15, 20 and 25mm,
and three different nozzle spray angels (10, 15 and -10°) are selected for the simulation. All
the simulation results of temperature field are shown in Figs. 4.41 - 4.43.
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a)

b)

c)

Figure 4.41 Submerged model temperature field nephogram of D = 15mm, and a) α =
10°, b) α = 15° and c) α = -10°.

a)

b)

c)

Figure 4.42 Submerged model temperature field nephogram of D = 20mm, and a) α =
10°, b) α = 15° and c) α = -10°.
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a)

b)

c)

Figure 4.43 Submerged model temperature field nephogram of D = 25mm, and a) α =
10°, b) α = 15° and c) α = -10°.
In general, both the submerged depth and spray angle can alter the temperature distribution
in the twin-roll casting. The deeper submerged depth can cause the lower temperature at
outlet. That temperature is little affected by changing the spray angle, and a -10° spray
angle is a better value when the depth is more than 20mm. Hence the lower spray angle
should be chosen when the submerged nozzle is deeper if the higher outlet temperature is
required.

4.2 Results of thermal stress field
The thermal stress distribution is an important parameter in the twin-roll casting process,
and it directly affects the quality of strip product. Since the thermal stress is difficult to
measure directly, the simulation is an efficient way to comprehend the modification and
law of thermal stress in the twin-roll casting. Moreover, because there are few reports about
thermal stress simulation, the simulation results of thermal stress distributions provide a
valuable reference.
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4.2.1 The model without constraint
Common materials expand when hearted and contract when cooled, and the size or shape of
them is changed due to swelling or shrinkage. Thermal stress can be neglected when
heating or cooling over a relatively long time. However, the thermal stress influence is
distinctly important during the twin-roll casting process because of the limited temperature
transformation time and large temperature gradient.
For intuitive observation of the thermal stress effect, a model without boundary conditions
is used for simulation to compare with constraint model results. Figs. 4.44 and 4.45 show
the thermal stress effect on the two models without constraint condition.

Figure 4.44 Free deformation by thermal stress nephogram of non-submerged model
with Vc = 1.2m/s, Tc = 1003K (5 times magnifying in clearance).
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Figure 4.45 Free deformation by thermal stress nephogram of submerged model with Vc
= 1.2m/s, Tc = 1003K (5 times magnifying in clearance).
Figs. 4.44 and 4.45 are nephograms that show the free deformation by thermal stress
influence. The model frame is also expressed in the figures as reference, and the clearance
is magnified by 5 times for observation. The value of thermal stress results for the
submerged model is larger than that for non-submerged model. The results suggest that the
general deformation shape trends (shrinkage) are similar in the two types of nozzle models.
However, there is a slightly different deformation nearby the nozzle because of the different
alloy injection methods. For the submerged nozzle model, the deformation corresponds
with the symmetrical line, but has less influence on the melt pool surface. For the nonsubmerged nozzle model, the surface of the molten pool is expanded upward because of the
high temperature.
Moreover, deformation exists at the outlet of twin-roll casting; which can be observed in
Figs. 4.44 and 4.45. The thermal stress of most part in the molten pool is very small
compared to the thermal stress value of the outlet area. The thermal stress value shows that
the maximum thermal stress is located in this area. Therefore, optimum thermal stress in
this area can improve the quality of the strip product.
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4.2.2 Non-submerged nozzle model
1) Influence of pouring temperature on thermal stress field
In this case the same temperature simulations, 943, 973 and 1003K, with a 1m/s casting
speed respectively are employed. The minimum thermal stress at outlet is helpful in
improving the quality of twin-roll casing strip.
Key parameters: Vc = 1m/s; Tc1 = 943K, Tc2 = 973K, Tc3 = 1003K
The nephograms of the twin-roll casing thermal stress field are shown in Figs. 4.46 - 4.48.
From Figs. 4.46 - 4.48, it can be seen that the maximum thermal stress is reduced with an
increase in the pouring temperature. The equivalent thermal stress of 943K can achieve
more than 7.1×106 Pa, but there is only 5.9×106Pa when the pouring temperature increases
to 1003K. The outlet temperature increases with raising pouring temperature, and at the
same time, the temperature gradient decreases by increasing the pouring temperature.
Therefore, raising the pouring temperature is helpful in reducing the thermal stress during
twin-roll casting. Figs. 4.49 and 4.50 display the temperature and thermal stress comparison
respectively at outlet.

Figure 4.46 Thermal stress field contour map of the non-submerged model with Vc =
1m/s, Tc = 943K.
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Figure 4. 47 Thermal stress field contour map of the non-submerged model with Vc =
1m/s, Tc = 973K.

Figure 4.48 Thermal stress field contour map of the non-submerged model with Vc =
1m/s, Tc = 1003K.
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Figure 4.49 Effect of pouring temperature on the temperature distribution at outlet in
the non-submerged model.
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Figure 4.50 Effect of pouring temperature on the thermal stress distribution at outlet in
the non-submerged model.
The distance shown in Figs. 4.49 and 4.50 indicates the distance from origin to strip edge at
the outlet. From Fig. 4.49, the temperature difference for 943K is larger than that of 973
and 1003K along the transverse direction of strip at outlet. The temperature difference at
1003K is a little bit smaller than that at 973K. The temperature difference causes a nonuniform temperature gradient, which is the main cause of thermal stress. Therefore, the
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lower pouring temperature (943K) produces the larger thermal stress, which is
demonstrated in Fig. 4.50.
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Figure 4.51 Comparison of thermal stress along transverse direction of strip at outlet in
the non-submerged model, Vc = 1m/s and Tc = 973K.
Fig. 4.51 shows the components of the thermal stress along the transverse direction of the
strip at the outlet. Both the σx and σxy keep stable. However, σy is quite variable in the range
of –6.48×104 to 1.64 × 105 Pa. It is compressive from 0 – 0.65mm then becomes tensile
from 0.65mm to the edge. The variation of the thermal stress direction can significantly
affect the quality of strip and can even cause defects.
2) Influence of casting speed on thermal stress field
The casting speeds, 0.8, 1.0 and 1.2m/s, with a 973K casting temperature, are simulated in
this study. The key parameters are: Vc = 1m/s; Tc1 = 943K, Tc2 = 973K, Tc3 = 1003K. The
nephograms of twin-roll casing thermal stress fields are shown in Figs. 4.52 - 4.53.
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Figure 4.52 Non-submerged model thermal stress field contour map of Tc = 973K, Vc =
0.8m/s.

Figure 4.53 Non-submerged model thermal stress field contour map of Tc = 973K, V c =
1.0m/s.
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Figure

4.54 Non-submerged model thermal stress field contour map of Tc = 973K, Vc =
1.2m/s.

Figs. 4.52 - 4.54 show the thermal stress field contour map with various casting speeds. It
can be observed that the thermal stress is significantly reduced with an increase in casting
speed. There is a decrease of more than 3.9×106Pa thermal stress when the casting speed
increases from 0.8 to 1.2m/s. This is caused by the better temperature field which is
established by the higher casting speed. Compared with the pouring temperature, the
increase of the casting speed is an effective method for reducing the thermal stress.
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Figure 4.55 Effect of the casting speed on temperature distribution at outlet in the
submerged model.
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Figure 4.56 Effect of pouring temperature on the thermal stress distribution at outlet in
the submerged model.
Figs. 4.55 and 4.56 show the temperature and thermal stress distributions at outlet. This
confirms the effect of casting speed on the thermal stress. Moreover, similar to the results
from simulations of the pouring temperature, the lower temperature distribution is the other
main reason for the larger thermal stress. In Fig. 4.55, the higher temperature distribution is
formed in the symmetrical line because of the lower capacity for heat transfer. On the
contrary, the lower temperature appears at the edge owing to contact with the water-cooled
roll which has a high capability of heat transfer. Therefore, it can be observed in Fig. 4.56,
that the temperature gradient produces the maximum equivalent thermal stress at the edge
of strip.
3) The thermal stress field contour map with different parameters in non-submerged
model.
Figs. 4.57 - 4.59 show the contour maps of the non-submerged model with different casting
speeds and pouring temperatures. In generally, both the increase in the pouring temperature
and casting speed can reduce the thermal stress during twin-roll casting. The increase in
casting speed is more efficient at decreasing the thermal stress. It is possible to improve the
quality of strip by suitable increase of the two parameters.
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a)

b)

c)

Figure 4.57 Non-submerged model thermal stress field contour map of Vc = 0.8m/s, and
a) Tc = 943K, b) Tc = 943K and c) Tc = 1003K.

a)

b)

c)

Figure 4.58 Non-submerged model thermal stress field contour map of Vc = 1.0m/s, and
a) Tc = 943K, b) Tc = 943K and c) Tc = 1003K
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Figure 4.59 Non-submerged model thermal stress field contour map of Vc = 1.2m/s, and
a) Tc = 943K, b) Tc = 943K and c) Tc = 1003K

4.2.3 Submerged nozzle model
1) Influence of submerged nozzle depth on thermal stress field
Because the submerged nozzle depth can influence the temperature field, it should be of a
concern when studying the thermal stress effect. Three different submerged depths, 15, 20
and 25mm respectively, with 10° spray angle are simulated in this study. The key
parameters are as follows: Vc = 1m/s, Tc = 1003K, α = 10°; D1 = 15mm, D2 = 20mm, D3 =
25mm.
The contour maps of the submerged twin-roll casting thermal stress fields are shown in
Figs. 4.60 - 4.62.
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Figure 4.60 Thermal stress field contour map of the submerged model with α = 10°; D
= 15mm.

Figure 4.61 Thermal stress field contour map of the submerged model with α = 10°; D
= 20mm.
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Figure 4.62 Thermal stress field contour map of the submerged model with α = 10°; D
= 25mm.
From Figs. 4.60 - 4.62, it can be seen that the thermal stress reduces with an increase in the
submerged depths. The thermal stress distribution is very similar for the 20 and 25mm
submerged depths but much lower than that for the 15mm submerged depth. The thermal
stress in the submerged model is much less compared with the non-submerged model. That
is because the submerged model is helpful in improving the temperature distributions in the
molten pool.
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Figure 4.63 Effect of submerged nozzle depths on the thermal stress distribution at
outlet in the submerged model.
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Fig. 4.63 shows the effect of the submerged nozzle depth on the equivalent thermal stress at
outlet. The equivalent thermal stress at outlet increases with the submerged depth. The
thermal stresses are very close (3.99 and 3.93×106Pa respectively) when the submerged
depths are 20 and 25mm, which is below that of the submerged depth 15mm (4.73×
106Pa). The lowest thermal stress occurs when the depth is 25mm.
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Figure 4.64 Comparison of thermal stress along transverse direction of the strip at outlet
in the submerged model. Submerged nozzle depth is 20 and spray nozzle is 10°.
Fig. 4.64 shows the components of the thermal stress along the transverse direction of the
strip at the outlet. σx and σxy remain stable, but σy is quite variable within the range of 2.3×105 to 3.52×105Pa. It is compressive from 0 - 0.6mm, and then becomes tensile from
0.6mm to the edge, which means that the defects or cracks will be prone to occur at the
strip edge rather than at the centre.
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Figure 4.65 Cracks on the surface of a casting strip
Fig. 4.65 shows that the crack occurs at the strip edge in a twin-roll casting strip. This
matches the above analysis of thermal stress which shows the tensile stress is at the strip
edge. This means that cracks on the casting strip during the twin-roll casting may be
induced by tensile thermal stress along the rolling direction resulting from the temperature
gradient. Methods that can reduce the temperature gradient, and therefore the thermal stress
at the outlet, are beneficial for decreasing the possibility of cracks and improving the
quality of the casting strip.
2) Influence of nozzle spray angle on thermal stress field
The differences in the temperature simulation results show that the quality of strip can be
improved by changing the nozzle spray angle. In this case, three different spray angles, 10,
15 and -10°, with 15mm submerged depth is simulated. The key parameters are as follows:
Vc = 1m/s, Tc = 1003K, D = 15mm; α1 = 10°, α2 = 15°, α3 = -10°. The contour map of twinroll casing thermal stress fields are shown in Figs. 4.66 - 4.68.
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Figure 4.66 Submerged model thermal stress field contour map of D = 15mm, α = 10°.

Figure 4.67 Submerged model thermal stress field contour map of D = 15mm, α = 15°.

Figure 4.68 Submerged model thermal stress field contour map of D = 15mm, α = -10°.
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From Figs. 4.66 - 4.68, it can be seen that there are no significant differences among the
changes of 10, 15 and -10° spray angles. The minimum thermal stress (less than
4.66×106Pa) is when the spray is 15°. When the spray angle is -10°, the thermal stress is the
maximum, reaching more than 5.0×106Pa. Therefore, the increase of the spray angle is
prone to help to decrease the thermal stress. The further confirmation can refer to Figs.
4.69.
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Figure 4.69 Effect of nozzle spray angle on the thermal stress distribution at outlet in
the submerged model.
3) Thermal stress field contour map with different parameters in submerged model
Figs. 4.70 - 4.72 show all thermal stress simulation results with different submerged depths
and spray angles. In general, both the submerged depth and spray angle influence the
thermal stress distributions in the molten pool of the twin-roll casting. The thermal stress
distributions at outlet are improved by increase of the submerged depth and spray angle.
Changing the submerged depth is a little more effective than that of the spray angle
variation. However, at 20mm submerged depth and 10° spray angle, there is less influence
when the submerged depth is further increased. Decreasing the thermal stress is prone to
improve the quality of the twin-roll casted strip.
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a)

b)

c)

Figure 4.70 Thermal stress field contour map of the submerged model with D = 15mm,
and a) α = 10°, b) α = 15° and c) α = -10°.

a)

b)

c)

Figure 4.71 Thermal stress field contour map of the submerged model with D = 20mm,
and a) α = 10°, b) α = 15° and c) α = -10°.
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a)

b)

c)

Figure 4.72 Thermal stress field contour map of the submerged model with D = 25mm,
and a) α = 10°, b) α = 15° and c) α = -10°.

4.3 Results of flow field
The distribution of the flow field in the melt pool is very important for the stability of twinroll casting. In fact, the experimental measurement is difficult to obtain because of the
narrow space of the molten pool and the fast working process. Therefore, an optimised flow
field setting can be obtained from the comparison of simulation results. This can improve
the quality of the twin-roll casting products.

4.3.1 Non-submerged nozzle model
1) Influence of casting speeds on temperature field
Both the casting speed and pouring temperature are variable parameters in the nonsubmerged nozzle model but the flow field is mainly affected by factors relating to with the
speed; namely casting speed in this simulation. Therefore, in this case, three different
casting speeds, 0.8, 1.0 and 1.2m/s, with 973 K pouring temperature are simulated. Key
parameters are as follows:
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Tc = 973K; Vc1 = 0.8m/s, Vc2 = 1.0m/s, Vc3 = 1.2m/s. The nephograms of twin-roll casing
temperature field are shown in Figs. 4.73 - 4.75.

Figure 4.73 Velocity nephogram of the non-submerged model with Tc = 973K, Vc =
0.8m/s.

Figure 4.74 Velocity nephogram of the non-submerged model with Tc = 973K, Vc =
1.0m/s.
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Figure 4.75 Velocity nephogram of non-submerged model with Tc = 973K, Vc =
1.2m/s.
From Figs 4.73 - 4.75, it can be seen that the low velocity region with higher casting speed
(0.8m/s) is a little more than that with the lower casting speed (1.2m/s). The low velocity
generally occurs in two places; one is around the nozzle, and the other is in the slender
interlayer zone between the molten pool centre and contact interface of the roll. The
velocity contour maps (Fig. 4.76) also demonstrated that the lowest velocity values exist in
the two areas.

a)

b)

c)

Figure 4.76 Velocity contour map of the non-submerged model with Tc = 973K, and a)
Vc = 0.8m/s, b) Vc = 1.0m/s and c) Vc = 1.2m/s.
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Figure 4.77 Velocity field directional vector diagram of the non-submerged model with
Tc = 973K and Vc =0.8m/s.

Figure 4.78 Velocity field directional vector diagram of the non-submerged model with
Tc = 973K and Vc =1.0m/s.

Figure 4.79 Velocity field directional vector diagram of the non-submerged model with
Tc = 973K and Vc =1.2m/s.
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The directional vector diagram could obtain the general direction at an area or point. From
Figs. 4.77 - 4.79, it can be seen that the low velocity around the nozzle is enlarged with the
increase of casting speeds. The arrows in the figures point out the velocity trend in the field.
It can be seen that the trend of the low velocity area is to slow down because of the
interaction between the roll rotation works and impact melt from the nozzle. This
interaction is more obvious with the faster roll rotation. Therefore, the low velocity region
is enlarged and tends to be smooth when the casting speed is fast such as 1.2m/s.

Figure 4.80 Velocity field non-directional vector diagram of the non-submerged model
with Tc = 973K and Vc =0.8m/s.

Figure 4.81 Velocity field non-directional vector diagram of the non-submerged model
with Tc = 973K and Vc =1.0m/s.
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Figure 4.82 Velocity field non-directional vector diagram of the non-submerged model
with Tc = 973K and Vc =1.2m/s.
The non-directional vector diagram can obtain the true direction at the point. From Figs.
4.80 - 4.82, there is a whirlpool that exists in the low temperature area in each figure. In the
lower casting speed simulation (0.8m/s), the whirlpool is quite close to the surface of the
molten pool. However, the whirlpool moves down with an increase (such as at 1.2m/s) of
the casting speed and the influence is less on the surface of molten pool. This is also caused
by the interaction between the roll and impacted melt material. As a result of the whirlpool,
the temperature field in the pool can be influenced, particularly its distribution nears the
centre and nozzle.

Figure 4.83 Y component velocity nephogram of the non-submerged model with Tc =
973K, Vc = 1.0m/s.

113

The other low velocity area occurs between the molten pool centre and contact interface of
the roll. In this area, the vector velocity is very small, (as shown in Figs. 4.73 - 4.75). The
Y component velocity nephogram is shown in Fig. 4.83. It can be observed clearly in this
diagram that the Y velocity in the centre pool is opposite to that of the roll. The Y
component velocity in the intermediate zone is very low due to interaction of an opposing
velocity. That is the reason there is a low velocity part in this area. In general, increasing
the casting speed not only improves the productivity, but also reduces the fluctuation
nearby the surface of the molten pool.

4.3.2 Submerged nozzle model
1) Influence of submerged nozzle depth on flow field
The submerged nozzle depth can not only affect the temperature field, but is also a factor
influencing the velocity field in the twin-roll casting. In this case, three different submerged
depths, 15, 20 and 25mm, with 10° spray angle are simulated.
Key parameters are as follows:Vc = 1m/s, Tc = 1003K, α = 10°; D1 = 15mm, D2 = 20mm,
D3 = 25mm.The nephograms of submerged twin-roll casing velocity field are shown in
Figs. 4.84 - 4.86.

Figure 4.84 Velocity nephogram of the submerged model with α = 10°, D = 15mm.
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Figure 4.85 Velocity nephogram of the submerged model with α = 10°, D = 20mm.

Figure 4.86 Velocity nephogram of the submerged model with α = 10°, D = 25mm.
From Figs 4.84 - 4.86, the velocity fields are similar for the three different models. The low
velocity area above the nozzle injection is enlarged with an increase of the submerged
nozzle depth. However, as shown in Figs. 4.87 - 4.89, the increase of the submerged depth
can improve the fluid distribution under the bottom of the submerged nozzle. Another low
velocity area exists between the molten pool centre and contact interface of the roll. The
diagrams demonstrate that the area is reduced with an increase in the submerged depth. The
injected melt from 25mm submerged depth can influence the deeper fluid area because the
nozzle depth is deeper than the two other models (15 and 20mm). Correspondingly, the
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fluid area near the molten pool surface is affected less at 25mm than that in relatively
shallow submerged depths such as 15 and 20mm. More details are shown in Figs. 4.88 4.90.

a

b)

c)

Figure 4.87 Submerged model velocity contour map of Tc = 973K, Vc=1m/s, α = 10°,
and a) D1 = 15mm, b) D2 = 20mm and c) D2 = 25mm.

Figure 4.88 Submerged model velocity field non-directional vector diagram of α = 10°
and D = 15mm.
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Figure 4.89 Submerged model velocity field non-directional vector diagram of α = 10°
and D = 20mm.

Figure 4.90 Submerged model velocity field non-directional vector diagram of α = 10°
and D = 25mm.
From the results, the changes in submerged nozzle depth do not significantly influence the
velocity field. However, suitable increase of the depth (such as 20mm) can balance the
distribution of velocity for improving the stability of the molten pool.
2) Influence of nozzle spray angle on flow field
In this case, three different nozzle spray nozzles, 10, 15 and -10° respectively, with 15mm
submerged depth are simulated. The key parameters are as follows: Vc = 1m/s, Tc = 1003K,
D = 15mm; α1 = 10°, α2 = 15°, α3 = -10°.
The nephograms of submerged twin-roll casing velocity fields are shown in Figs. 4.91 4.93.
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Figure 4.91 Velocity nephogram of the submerged model with D = 15mm, α = 10.°

Figure 4.92 Velocity nephogram of the submerged model with D = 15mm, α = 15.°

Figure 4.93 Velocity nephogram of the submerged model with D = 15mm, α = -10.°
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a)

b)

c)

Figure 4.94 Velocity contour map of Tc = 973K, Vc = 1m/s, D1 = 15mm, and a) α1 =
10°, b) α2 = 15° and c) α1 = -10°.
From Figs. 4.91 - 4.93, the velocity field of 10° and 15° spray angles are very similar but
the low velocity at 15° is a little bit larger than that at 10° in the interlayer between the
molten pool centre and contact interface of the roll. The molten pool surface is significantly
influenced more by 15° than that of 10° spray angles due to the greater upward angle of
spray. Consequently, the low velocity area in the interlayer is influenced by the lower spray
angle. The smallest interlayer’s low velocity area exists in the lowest spray angle (-10°),
and that of 15° is the largest.

Figure 4.95 Submerged model velocity field non-directional vector diagram of D =
15mm and α = 10°.
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Figure 4.96 submerged model velocity field non-directional vector diagram of D =
15mm and α = 15°.

Figure 4. 97 Submerged model velocity field non-directional vector diagram of D =
15mm and α = -10°.
Figs. 4.95 - 4.97 display the non-directional velocity vectors near the submerged nozzle. It
can be observed that the low velocity area below the submerged nozzle is lessened with a
decrease of the spray angle. Moreover, the general ejected melt velocity vector trends to
upward, even at the -10° spray angle. The upward velocity, which comes from nozzle
bottom and reaction with the rotation roll, affects the direction of the ejected melts’ velocity
vector; the general trend is changed from downward to upward.
Although simulation results show the velocity fields are similar, the nozzle spray angle
affects the flow field in the molten pool. Therefore, a suitable spray angle can improve the
liquid metal flow condition nearby the submerged nozzle and the pool surface and,
consequently, the suitability of twin-roll casting.
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In general, the trends of velocity fields depend on changes to the submerged nozzle depth
and the nozzle spray angle, but they are different for improvement to the process. The
lower submerged depth (e.g. 15mm) and spray angle (e.g.10°) affect the surface of the
molten pool. However, the deeper submerged depth (e.g. 20mm) and high spray angle (e.g.
15°) are not good at the fluid under the bottom of the nozzle. Therefore, the appropriate
parameters, such as 20mm submerged depth and -10° spray angle, are prone to produce a
better flow field in the molten pool.

121

Chapter 5
Conclusions and Future Work
5.1 Conclusions
Using ANSYS, the numerical simulations based on a 2D finite element model of the
vertical twin-roll strip casting coupling temperature, flow and thermal stress has been
conducted. The influences of the submerged nozzle, nozzle spray angles, pouring
temperature and casting speed on the coupling temperature and thermal stress fields in the
molten pool have been studied in detail.
•

Improvement of the temperature at outlet is prone to reduce the maximum thermal
stress.

•

Tensile thermal stress occurs at the strip edge and may result in defects and cracks
in the casted strip.

•

Pouring temperature significantly affects the temperature field, especially the
temperature at the outlet. The thermal stress at outlet increases with an increase of
the pouring temperature.

•

The different temperature, flow and thermal stress fields are obtained with the
change of casting speed. As a result, the forming time reduces due to increase of the
casting speed. Therefore, the raised temperature at outlet decreases the thermal
stress of the strip.

•

The coupling fields of temperature and thermal stress are changed with various
submerged nozzle depths. The outlet temperature increases with a large submerged
depth, and the thermal stress reduces. However, it is not obvious when the
submerged depth is larger than 20mm.
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•

The variation of nozzle spray angles does not influence the coupling temperatures
and thermal stress fields significantly. The thermal stress and temperature
distributions are slightly improved with an increase of the nozzle spray angle.

•

The simulation results of thermal stress distribution are well coincident with the
strip cracks from experiments. It proves the simulation results rationality and
reasonability.

Compared with the simulation results of the non-submerged nozzle model, the best
coupling temperature and thermal stress can be obtained from the combination of casing
speed 1.2m/s and pouring temperature 1003K. With the consideration of energy saving, the
casting speed 1.2m/s and pouring temperature 973K are acceptable in practice.
In the submerged nozzle model, there are not significant differences of the temperature and
thermal stress fields for 20 and 25mm submerged depths, and a little change occurs
between 10 and 15° spray angles. Considering the melt fluid in the molten pool, depth
20mm and spray angle 15° are recommended in the application of production.

5.2 Future work
The vertical twin-roll casting of thin strip is a new metallurgical technology with short time
process and low energy consumption. This new forming technology brings a broad future
for application of magnesium forming. Simultaneously, the utilisation of magnesium strips
in manufacturing, and the results obtained from the simulation confirm the enforceability of
this productive technology.
This study has prompted several new avenues of work in this field. However, the following
work should be focused in future.
− Optimisation of the existing FE model.
− Refining the boundary conditions at the interface between the melt and watercooled roll.
− Building 3D model of the twin-roll casting simulation.
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− Analysing the results of 3D simulation results, especially spread variation on the
strip.
− Further experimental verification of existing simulation results, including:
•

Thermo mechanical simulation of twin-roll casting.

•

The twin-roll casting experiment with low melting point metal.

− Research on effect of water-cooled roll on the casted strip and its work function.
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